The findings of an extensive literature survey on the structural response of unbound aggregates are discussed in two companion papers. In this paper, a state of the art is presented on resilient stress-strain characteristics of such materials, as well as different modeling techniques. The resilient response of aggregates is affected by several factors with varying degrees of importance. These are presented, and different views on the impact of each individual factor are discussed. Research efforts in the past have resulted in different mathematical models for predicting the resilient response of aggregates under repeated traffic-type loading. The models found in the literature are listed, and their advantages and shortcomings are reviewed. The permanent strain characteristics of unbound aggregates are considered in a separate companion paper.
INTRODUCTION
The empirical nature of traditional pavement design methods has been a topic of discussion in highway engineering for many years. These methods rely on empirical rules developed through long-term experience with certain types of pavement and certain types of pavement construction material under certain conditions. The main limitation of empirical methods is that they cannot be extrapolated with confidence beyond those conditions on which they are based. The essential need for pavement design procedures that are able to cater for varying design situations has led to widespread research efforts to develop so-called analytical or mechanistic design techniques. In the analytical approach, the road pavement is treated as a structure, and its mechanical behavior evaluated in terms of load-carrying parameters in a similar manner to that used for concrete and steelwork structures. A conditional prerequisite for the success of the mechanistic approach is that the behavior of the constituent materials is properly understood. In flexible pavements, particularly when unsurfaced or thinly surfaced, granular layers play an important structural role in the overall performance of the pavement structure. Consequently, to establish more rational pavement design and construction criteria it is essential that the response of granular layers under traffic loading be thoroughly understood and taken into consideration.
The stress pattern induced in a pavement due to a moving wheel load is quite complex. Fig. 1 illustrates that an element in a pavement structure is subjected to stress pulses, each consisting of vertical, horizontal, and shear components. In unbound layers, the vertical and horizontal stresses are positive, whereas the shear stress is reversed as the load passes, thus causing a rotation of the principal stress axes. The deformational response of granular layers under traffic loading is conveniently characterized by a recoverable (resilient) deforma-1 Swedish Nat. Rd. Admin., Constr. and Maintenance, Div. of Business and Engrg. Devel., Box 4018, SE-171 04 Solna, Sweden. E-mail: fredrick.lekarp@vv.se 2 Prof., Div. of Hwy. Engrg., Royal Inst. of Technol., SE-100 44 Stockholm, Sweden.
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Note. Discussion open until July 1, 2000. Separate discussions should be submitted for the individual papers in this symposium. To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on January 20, 1999. This paper is part of the Journal of Transportation Engineering, Vol. 126, No. 1, January/ February, 2000. ᭧ASCE, ISSN 0733-947X/00/0001-0066-0075/$8.00 ϩ $.50 per page. Paper No. 20093. tion and a residual (permanent) deformation, as illustrated in Fig. 2 . However, the true nature of the deformation mechanism of aggregates in granular layers is not yet fully understood. It has been postulated (Luong 1982) that the deformation of granular soils under loading is the result of three main mechanisms: consolidation, distortion, and attrition. The consolidation mechanism (or, more correctly in soil mechanics terminology, densification/dilation) is the change in shape and compressibility of particle assemblies, whereas the distortion mechanism is characterized by bending, sliding, and rolling of
FIG. 3. Examples of Triaxial Test Results with CCP and VCP (Allen and Thompson 1974)
individual particles. Particle bending is important in the case of flat particles, whereas sliding and rolling are usually associated with rounded grains. The resistance to particle sliding and rolling depends on the interparticle friction in the grain assembly. The attrition mechanism is the crushing and breakage that occurs when the applied load exceeds the strength of the particles. Crushing is a progressive process that can start at relatively low stresses, and results in gradual changes in the soil fabric and packing. Particle crushing is governed by grain size and shape, magnitude of applied stresses, and mineralogy and strength of individual grains. When the behavior of granular materials is analyzed at the macroscopic level, the observed deformation may be volumetric, shear, or, more normally, a combination of the two. These volume and shear strains result from various combinations of the three mechanisms mentioned. It seems probable that distortional particle movements contribute mainly to shear strain, whereas consolidation and attrition contribute mainly to volumetric strain. However, this separation is not exact, as shear strain in granular assemblies is usually associated with volumetric strain (e.g., dilation of a dense material).
Over the years, many researchers have studied the complex behavior of granular materials, using laboratory and in situ testing techniques. An extensive literature survey was carried out to collect findings from previous research. This paper summarizes the current state of knowledge on resilient properties of granular materials. A state of the art is presented regarding factors affecting the resilient response and the modeling techniques available. A companion paper (Lekarp et al. 2000) emphasizes permanent strain development and long-term performance of granular materials under repeated loading.
FACTORS AFFECTING RESILIENT RESPONSE
Since 1960, numerous research efforts have been devoted to characterizing the resilient behavior of granular materials. It is well known that granular pavement layers show a nonlinear and time-dependent elastoplastic response under traffic loading. To deal with this nonlinearity and to differentiate from the traditional elasticity theories, the resilient response of granular materials is usually defined by resilient modulus and Poisson's ratio. Alternatively, the use of shear and bulk moduli has been suggested. For design purposes, it is important to consider how the resilient behavior varies with changes in different influencing factors. From the studies found in the literature, it appears that the resilient behavior of unbound granular materials may be affected, with varying degrees of importance, by several factors as described below.
Effect of Stress
Previous investigations, from the early studies reported by Williams (1963) to the recent studies by Kolisoja (1997) , show without exception that stress level is the factor that has the most significant impact on resilient properties of granular materials. Many studies [e.g., Mitry (1964) , Monismith et al. (1967) , Hicks (1970) , Smith and Nair (1973) , Uzan (1985) , and Sweere (1990) ] have shown a very high degree of dependence on confining pressure and sum of principal stresses for the resilient modulus of untreated granular materials. The resilient modulus is said to increase considerably with an increase in confining pressure and sum of principal stresses. Monismith et al. (1967) reported an increase as great as 500% in resilient modulus for a change in confining pressure from 20 to 200 kPa. An increase of about 50% in resilient modulus was observed by Smith and Nair (1973) when the sum of principal stresses increased from 70 to 140 kPa. Compared to confining pressure, deviator or shear stress is said to be much less influential on material stiffness. In a study conducted by Morgan (1966) , the resilient modulus was shown to decrease slightly with increasing repeated deviator stress under constant confinement. Hicks (1970) suggested that the resilient modulus is practically unaffected by the magnitude of the deviator stress applied, provided excessive plastic deformation is not generated. Hicks and Monismith (1971) , on the other hand, reported a slight softening of the material at low deviator stress levels and a slight stiffening at higher stress levels. Resilient Poisson's ratio is also believed to be influenced by the state of applied stresses. Hicks (1970) , Brown and Hyde (1975) , and Kolisoja (1997) reported that Poisson's ratio of unbound granular materials increases with increasing deviator stress and decreasing confining pressure.
In laboratory triaxial testing, both constant confining pressure (CCP) and variable confining pressure (VCP) are used. Allen and Thompson (1974) compared the results obtained from these two types of test and reported, generally, higher values of resilient modulus computed from CCP test data. The magnitude of the difference was itself nonconstant and varied with the stress level. This study also showed that the CCP tests resulted in larger lateral deformations and higher values of Poisson's ratio. Fig. 3 illustrates a typical result reported by Allen and Thompson. Brown and Hyde (1975) suggested later that VCP and CCP tests yield the same values of resilient modulus, provided that the confining pressure in the CCP test is equal to the mean value of the pressure used in the VCP test. As for the value of Poisson's ratio, Brown and Hyde confirmed considerable differences, as the VCP tests yielded decreasing Poisson's ratio for increasing ratios of deviator stress to confining pressure, whereas the CCP tests showed the opposite.
Effect of Density
It has been known for many years that increasing density of a granular material significantly alters its response to static loading, causing it to become both stiffer and stronger. However, the effect on resilient stiffness has been less thoroughly studied. The literature available is somewhat ambiguous re-garding the impact of density on resilient response of granular materials. Several studies [e.g., Trollope et al. (1962) , Hicks (1970) , Robinson (1974) , Rada and Witczak (1981) , and Kolisoja (1997) ] suggested that the resilient modulus generally increases with increasing density. Trollope et al. (1962) reported slow repeated load tests on a uniform sand and found that the resilient modulus increased up to 50% between loose and dense specimens. Similar observations were made by Robinson (1974) who also studied uniform sand. The number of particle contacts per particle increases greatly with increased density resulting from additional compaction of the particulate system. This, in turn, decreases the average contact stress corresponding to a certain external load. Hence, the deformation in particle contacts decreases and the resilient modulus increases (Kolisoja 1997) . On the other hand, Thom and Brown (1988) and Brown and Selig (1991) stated that the effect of density, or the state of compaction, is relatively insignificant. Hicks and Monismith (1971) found the effect of density to be greater for partially crushed than for fully crushed aggregates. The resilient modulus was reported to increase with relative density for the partially crushed aggregate tested, whereas it remained almost unchanged when the aggregate was fully crushed. Hicks and Monismith further reported that the significance of changes in density decreased as the fines content of the granular material increased. In the study conducted by Barksdale and Itani (1989) , the resilient modulus increased markedly with increasing density only at low values of mean normal stress. At high stress levels, the effect of density was found to be less pronounced. Vuong (1992) reported test results showing that at densities above the optimum value, the resilient modulus is not very density-sensitive.
The level of density also seems to have some influence on Poisson's ratio. This influence is believed by some researchers (Hicks 1970; Allen 1973; Allen and Thompson 1974) to be small, with no consistent variation. Others (Hicks and Monismith 1971; Kolisoja 1997) have reported a slight decrease in Poisson's ratio as the density of the material increases.
Effect of Grading, Fines Content, and Maximum Grain Size
Granular materials consist of a large number of particles, normally of different sizes. Previous research in this area shows that the stiffness of such material is, in some degree, dependent on particle size and its distribution. The literature is not quite clear regarding the impact of fines content on material stiffness. Nevertheless, some researchers (Thom and Brown 1987; Kamal et al. 1993) have reported that the resilient modulus generally decreases when the amount of fines increases. Hicks and Monismith (1971) observed some reduction in resilient modulus with increasing fines content for the partially crushed aggregates tested, whereas the effect was reported to be the opposite when the aggregates were fully crushed. The variation of fines content in the range of 2-10% was reported by Hicks (1970) to have a minor influence on resilient modulus. Yet, a dramatic drop of about 60% in resilient modulus was noted by Barksdale and Itani (1989) , when the amount of fines was increased from 0 to 10%. Work performed by Jorenby and Hicks (1986) showed an initially increasing stiffness and then a considerable reduction as clayey fines were added to a crushed aggregate. The initial improvement in stiffness is attributed to increased contacts as pore space is filled. Gradually, excess fines displace the coarse particles so that the mechanical performance relies only on the fines, and stiffness decreases. For aggregates with the same amount of fines and similar shape of grain size distribution, the resilient modulus has been shown to increase with increasing maximum particle size (Gray 1962; Thom 1988; Kolisoja 1997 ). According to Kolisoja (1997) , the particulate explanation of this response is that the major part of a load acting on a granular assembly is transmitted by particle queues. When the load is transmitted via coarser particles, the smaller number of particle contacts results in less total deformation and consequently higher stiffness. The particle size distribution, or grading, of granular materials seems to have some influence on material stiffness, though it is generally considered to be of minor significance. Thom and Brown (1988) studied the behavior of crushed limestone at different gradings and concluded that uniformly graded aggregates were only slightly stiffer than well-graded aggregates. Similar results were reported by Brown and Selig (1991) and Raad et al. (1992) . Plaistow (1994) argued that when moisture is introduced to well-graded materials, the effect of grading can be significantly increased, because these materials can hold water in the pores. They can also achieve higher densities than uniformly graded materials because the smaller grains fill the voids between the larger particles. Plaistow, therefore, concluded that grading has an indirect effect on the resilient behavior of unbound aggregates by controlling the impact of moisture and density of the system. Heydinger et al. (1996) compared the effect of grading on resilient modulus for limestone, gravel, and slag. Limestone showed higher resilient modulus when open-graded, whereas no trend could be noted for the variation of modulus in gravel. For slag, however, the results were the opposite and the denser gradation tended to give higher stiffness. In a recent study, Van Niekerk et al. (1998) investigated the behavior of a limited number of specimens of sands, crushed masonry, and crushed concrete. The results showed higher stiffness for well-graded than for uniformly graded specimens. This conflicts with the conclusions drawn by other researchers, as mentioned above, and might not have held if even greater proportions of fines had been added, allowing their influence to dominate. Niekerk et al., however, argued that, as a result of a larger number of contact areas at equal confinement, a well-graded material can take up a large deviatoric stress for equal deformation, thus resulting in higher stiffness.
The variation in resilient Poisson's ratio with fines content was investigated by Hicks (1970) , who concluded that an increase in the amount of fines generally results in a reduction of Poisson's ratio, Kolisoja (1997) noted in his studies some influence of aggregate grading on Poisson's ratio, which was shown to be slightly smaller for coarse-grained than for finegrained aggregates. No study was found in the literature regarding the impact of maximum grain size on Poisson's ratio.
Effect of Moisture Content
The degree of saturation or moisture content of most untreated granular materials has been found to affect the resilient response characteristics of the material in both laboratory and in situ conditions. It is generally agreed that the resilient response of dry and most partially saturated granular materials is similar, but as complete saturation is approached, the resilient behavior may be affected significantly (Smith and Nair 1973; Vuong 1992) . Researchers [e.g., Haynes and Yoder (1963) , Hicks and Monismith (1971) , Barksdale and Itani (1989) , Dawson et al. (1996) , and Heydinger et al. (1996) ], who studied the behavior of granular materials at high degrees of saturation, have all reported a notable dependence of resilient modulus on moisture content, with the modulus decreasing with growing saturation level. Haynes and Yoder (1963) , for instance, observed a 50% decrease in resilient modulus in gravel as the degree of saturation increased from 70 to 97%. Hicks and Monismith (1971) showed that the resilient modulus decreases steadily as the moisture content increases above its optimum value.
Saturated granular materials develop excess pore-water pressure under repeated loading. As pore-water pressure develops, the effective stress in the material decreases with a subsequent decrease in both strength and stiffness of the material. It can be argued that it is not the degree of saturation per se that influences the material behavior but rather that the pore pressure response controls deformational behavior. Mitry (1964) , Seed et al. (1967) , and Hicks (1970) stated that a decrease in the resilient modulus due to saturation is obtained only if the analysis is based on total stresses. Similarly, Pappin (1979) observed that if the test results are analyzed on the basis of effective stresses, the resilient modulus remains approximately unchanged. Thom and Brown (1987) , however, argued that the presence of moisture in an aggregate assembly has some lubricating effect on particles. This would increase the deformation in the aggregate assembly with a consequent reduction of the resilient modulus, even without generation of any pore-water pressure. Thom and Brown confirmed this hypothesis with a series of repeated load triaxial tests on a crushed rock, where the moisture content was one of the parameters changed. Using drained tests and loading frequencies of 0.1-3 Hz, no noticeable pore pressures were developed for degrees of saturation up to 85%. Despite the lack of pore pressure, the test results showed a reduction to the resilient modulus with increasing moisture content, and this was related to the lubricating effect of water. However, another way of interpreting these observations would be that localized pore suctions decrease with higher water content, leading to lower interparticle contact forces. A study conducted by Raad et al. (1992) demonstrated that the effect of moisture on the resilient behavior of unbound aggregates is perhaps most significant in well-graded materials with a high proportion of fines. This is because water is more readily held in the pores of such materials, whereas uniformly graded materials allow water to drain freely. Dawson et al. (1996) studied a range of wellgraded unbound aggregates and found that below the optimum moisture content stiffness tends to increase with increasing moisture level, apparently due to development of suction. Beyond the optimum moisture content, as the material becomes more saturated and excess pore water pressure is developed, the effect changes to the opposite and stiffness starts to decline fairly rapidly. Saturation of unbound granular materials also affects the resilient Poisson's ratio. Hicks (1970) and Hicks and Monismith (1971) reported that Poisson's ratio is reduced as the degree of saturation increases. According to Hicks, the reduction in Poisson's ratio is noted whether the analysis is based on total or effective stresses. This suggests that a pore suction/ pressure explanation for changing resilient Poisson's ratio is insufficient. However, the explanation involving the lubricating effect of water must also be questioned, as a higher Poisson's ratio should be expected with greater lubrication.
Effect of Stress History and Number of Load Cycles
Studies have indicated that stress history may have some impact on the resilient behavior of granular materials. According to Dehlen (1969) , the stress history effects appear as a consequence of progressive densification and particle rearrangement under repeated application of stress. Boyce et al. (1976) carried out repeated load triaxial tests on samples of a well-graded crushed limestone, all compacted to the same density in a dry state. The results showed that the material was subjected to stress history effects, but these could be reduced by preloading with a few cycles of the current loading regime and avoiding high stress ratios in tests for resilient response. Hicks (1970) , on the other hand, reported that the effect of stress history is almost eliminated, and a steady and stable resilient response is achieved after the application of approximately 100 cycles of the same stress amplitude. Similar observations were reported by Allen (1973) (Brown and Hyde 1975; Mayhew 1983) reported that resilient characteristics of unbound granular materials are basically insensitive to stress history, provided the applied stresses are kept low enough to prevent substantial permanent deformation in the material. Therefore, large numbers of resilient tests can be carried out sequentially on the same specimen to determine the resilient parameters of the material. Moore et al. (1970) investigated the effect of number of load applications on the resilient response of granular materials. They concluded that the resilient modulus increases as the number of load repetitions increases, partly because of loss of moisture from the specimen during testing. Hicks (1970) , on the other hand, reported that the resilient properties of the granular materials tested were virtually the same after 50-100 load repetitions as after 25,000 repetitions. Similar observations were also made by Allen and Thompson (1974) .
Effect of Aggregate Type and Particle Shape
In a recent study, conducted by Heydinger et al. (1996) , gravel was shown to have a higher resilient modulus than crushed limestone. However, many researchers (Hicks 1970; Hicks and Monismith 1971; Allen 1973; Allen and Thompson 1974; Thom 1988; Barksdale and Itani 1989; Thom and Brown 1989) have reported that crushed aggregate, having angular to subangular shaped particles, provides better load spreading properties and a higher resilient modulus than uncrushed gravel with subrounded or rounded particles. A rough particle surface is also said to result in a higher resilient modulus. Barksdale and Itani (1989) investigated several types of aggregate and observed that the resilient modulus of the rough, angular crushed materials was higher than that of the rounded gravel by a factor of about 50% at low mean normal stress and about 25% at high mean normal stress. Although increasing particle angularity and surface roughness could result in higher resilient modulus, studies show that Poisson's ratio decreases for the same conditions (Hicks 1970; Hicks and Monismith 1971; Allen 1973) . This observation tends to reinforce the questioning of a lubrication explanation for the relationship between Poisson's ratio and moisture, reported a few paragraphs earlier, as lateral resilient movements are indicated here as being controlled by interparticle contact condition.
Effect of Load Duration, Frequency, and Load Sequence
The general view regarding the impact of load duration and frequency on the resilient behavior of granular materials is that these parameters are of little or no significance [e.g., Seed et al. (1965) , Morgan (1966) , Hicks (1970) , Boyce et al. (1976) , and Thom and Brown (1987) ]. For instance, Seed et al. (1965) reported a study in which the resilient modulus of sands increased only slightly (from 160 to 190 MPa) as the duration of load decreased from 20 min to 0.3 s. Hicks (1970) conducted tests at stress durations of 0.1, 0.15, and 0.25 s and found no change in the resilient modulus or Poisson's ratio. It is most likely that the resilient modulus will show a reduction with increasing loading frequency when the moisture content approaches saturation as transient pore pressures may then develop, causing a reduction in effective stress. This will be most marked if there is little opportunity for drainage. Hicks (1970) and Allen (1973) studied the test sequence or the order in which the stresses are applied to a specimen. These studies showed clearly that the test sequence has almost no impact on the resilient properties of granular materials.
COMPUTATIONAL MODELING OF RESILENT RESPONSE
Despite the fact that the resilient behavior of granular materials is affected by several factors, the effect of stress parameters is most significant. It is therefore essential that the stressstrain relationship be modeled as accurately as possible with constitutive laws. The complexity of the problem has made it a very difficult task for researchers to combine the theoretical principles of soil mechanics with the simplicity that is required in procedures for routine analysis of material response. In this section, the models found in the literature are presented, and some are reviewed in more detail.
Models Based on Resilient Modulus and Poisson's Ratio
In the traditional theories of elasticity, the elastic properties of a material are defined by the modulus of elasticity E and Poisson's ratio , which are material constants. A similar approach has been widely used in dealing with granular materials, but the modulus of elasticity is replaced with the resilient modulus to indicate the nonlinearity (i.e., dependence on stress level) of the behavior. For repeated load triaxial tests with constant confining pressure, the resilient modulus and Poisson's ratio are defined, respectively, by
in which M r = resilient modulus; = resilient Poisson's ratio; ⌬ indicates ''change in''; and 1 , 3 , and = major and ε , ε 1,r 3,r minor principal stress and recoverable axial and horizontal strain, respectively. This method of calculating resilient parameters is the same as would apply to an isotropic, linear-elastic material under uniaxial stress conditions. When cyclic confining pressure is applied, the generalized Hooke's law is employed for 3D stress-strain relationships of an isotropic, linearelastic material. The resilient modulus and Poisson's ratio are then derived, respectively, from
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Many researchers have tried to outline mathematical procedures for describing the stress dependence of the resilient modulus, using various stress variables. A great majority of the models found in the literature are based on simple curvefitting procedures, using the data from laboratory triaxial testing. Dunlap (1963) and Monismith et al. (1967) indicated that the resilient modulus increases with confining pressure and is sensibly unaffected by the magnitude of repeated deviator stress, provided the deviator stress does not cause excessive plastic deformation. They, therefore, proposed the following expression based solely on the effect of confining stress:
Other researchers (Pezo 1993; Garg and Thompson 1997) found it necessary to include deviator stress in their analysis as follows:
According to Tam and Brown (1988) , in routine design and analysis, the resilient modulus can be expressed as a simple function of stress ratio as follows: et al. (1986) , however, showed that the resilient modulus is dependent on both the first invariant of stress and the stress ratio, and suggested the model as follows:
One fairly widespread approach in dealing with the effect of stress on material stiffness is the expression of resilient modulus as a function of the sum of the principal stresses, or bulk stress. Seed et al. (1967) , Brown and Pell (1967) , and Hicks (1970) suggested the following simple hyperbolic relationship commonly known as the K-model:
The simplicity of the K-model has made it extremely useful and widely accepted for analysis of stress dependence of material stiffness. However, this model has several drawbacks and many modifications to the model are found in the literature. The K-model assumes a constant Poisson's ratio, which is then used to calculate radial strain. However, studies (Hicks 1970; Hicks and Monismith 1971; Brown and Hyde 1975; Boyce 1980; Sweere 1990; Kolisoja 1997) have shown that Poisson's ratio is not a constant and varies with applied stresses. Sweere (1990) , for instance, used the K-model and reported good predictions of axial strains but rather poor predictions of radial and volumetric strains, using constant Poisson's ratio. Another drawback with the K-model is the fact that the effect of stress on resilient modulus is accounted for solely by the sum of the principal stresses. Several studies have shown this to be insufficient and additional stress parameters are required. May and Witczak (1981) noted that the in situ resilient modulus of a granular layer is a function not only of the bulk stress but also of the magnitude of the shear strain induced mainly by shear, or deviator, stress. Uzan (1985) included deviator stress into the K-model and expressed the relationship as follows:
In the 3D case, the deviator stress in the Uzan model is replaced by the octahedral stress. The Uzan model has been shown or be superior to the K-model in several studies (Lade and Nelson 1987; Witczak and Uzan 1988; Kolisoja 1997) and seems likely to usurp the K-model in popularity in routine analysis. Elliot and Lourdesnathan (1989) investigated the applicability of the K-model for repeated deviatoric stress below and beyond the static failure condition. For prefailure stresses, the model showed good representation of the data. At stresses exceeding the static failure, however, the predictions were poor, as the observed resilient modulus decreased with increasing bulk modulus, whereas the model predicted the opposite. Elliot and Lourdesnathan then suggested that the Kmodel should be modified by incorporating a failure term, which has little or no impact until failure is approached. The modified model, known as the stress ratio model, is expressed as
Kolisoja (1997) included the effect of material density in both the K-and Uzan models. He expressed the following modified formulations:
where density is accounted for by porosity of the aggregate. Kolisoja stated that a reliable application of these modified models requires, in practice, at least one series of repeated load triaxial tests that covers a sufficiently large stress range performed at a given density. The value of the single material parameter can then be determined, after which the equations give values of the resilient modulus related to any other combination of stress and density states. The models mentioned above are based on laboratory triaxial testing using constant confining pressure. Karasahin (1993) conducted triaxial tests with both constant and variable confining pressure and then used the following expression to calculate the resilient modulus:
He reported satisfactory correlation values for both cases. The type of confinement was also varied in a series of repeated load triaxial tests reported by Nataatmadja and Parkin (1989) and Nataatmadja (1992) . The results showed differences in stress dependence of the resilient modulus due to the type of confining pressure, and separate formulations were suggested as follows:
Nataatmadja demonstrated that the material parameters used were sensitive to changes in grading, maximum particle size, moisture content, and plasticity and concluded that these models are suitable for ranking material performance. Compared to the resilient modulus, very few studies have aimed at characterizing resilient Poisson's ratio. Determination of Poisson's ratio requires very accurate measurement of radial strain, which in practice has proved to be much more difficult than measuring axial strain. It is therefore common to assume a constant value, for instance, 0.35, for the resilient Poisson's ratio of granular materials. Morgan (1966) , who measured both axial and radial strains, noted that Poisson's ratio varied between 0.2 and 0.4 for the sands tested. However, many researchers have observed that resilient Poisson's ratio for unbound aggregates is a function of several variables, both inherent physical attributes and, particularly, the applied stress components. As mentioned before in this paper, Poisson's ratio increases with decreasing confining pressure and increasing repeated deviator stress. This was used by Hicks and Monismith (1971) , who approximated the variation of Poisson's ratio with stresses by a third-degree polynomial expression given by 2 3
Karasahin (1993), who employed both constant and variable confinement in his triaxial tests, suggested that for the latter case the effect of anisotropy should be taken into consideration for calculating Poisson's ratio. As a result, Karasahin proposed separate mathematical formulations to define the stress dependence of Poisson's ratio based on the type of confining stress. The following equation was suggested for constant confinement:
whereas incorporating isotropy for variable confinement resulted in complex formulations. The values of Poisson's ratio have sometimes been reported as >0.5 [e.g., Sweere (1990) and Karasahin (1993) ]. This apparent transgression of basic thermodynamics is a consequence of the adoption of a conventional continua formulation of a mass composed of discrete and, essentially, unconnected elements. When Poisson's ratio exceeds 0.5, this indicates resilient dilatation; that is, the material transiently occupies more volume during the stress pulse.
Resilient Models Using Shear-Volumetric Approach
A different approach can be used in characterizing the stress-strain relationship in granular materials by decomposing both stresses and strains into volumetric and shear components. The resilient modulus and Poisson's ratio would then be replaced by bulk and shear moduli. The definitions of the basic stress and strain parameters used in this approach are
where p = mean normal stress; ε v,r and ε s,r = recoverable volumetric and shear strain, respectively; and K and G = bulk and shear modulus, respectively. According to Brown and Hyde (1975) , there are three advantages of using bulk and shear moduli for nonlinear materials; (1) No assumptions of linear-elastic behavior are needed in the calculations; (2) the shear and volumetric components of stress and strain are treated separately; and (3) they have a more realistic physical meaning in a 3D stress regime than the resilient modulus and Poisson's ratio. The mathematical expressions of several of the models available based on the shear-volumetric approach are given in the following. Boyce (1980) used a mechanistic approach constrained by the theorem of reciprocity (i.e., no net loss of strain energy) developing a theoretical nonlinear elastic model for the stressstrain relationship of granular materials. He was able to use this approach to model his own data, and it has been employed by many other researchers, particularly in mainland Europe Dawson et al. 1996) . In the following Boyce model, the material is assumed to be isotropic, which enables the model to express the response moduli as functions of the stress invariants:
The model is also elastic following the application of the theorem of reciprocity. This imposes a certain relationship between the shear and volumetric strains and, consequently, limits the number of material parameters to three, making the model relatively simple to define. Allaart (1992) showed that Boyce's solution was the simplest of a family of possible solutions. However, the assumption of elasticity is an important disadvantage of the Boyce model in dealing with the inelastic response of unbound granular materials. When a granular material is subjected to repeated loading, such as those applied in repeated load triaxial tests, the loading and unloading part of the stress-strain curve do not coincide, and energy is dissipated. This is, by definition, an inelastic response and inaccurate predictions should be expected from an elastic model such as the Boyce model. Sweere (1990) , for instance, showed unsatisfactory prediction of strains by the Boyce model, with large discrepancies between predicted and measured values of the volumetric strain component. Sweere stated that the solution to the problem lies in removing the coupling of volumetric and shear strains by the theorem of reciprocity; in other words, the strict prerequisite of the model being elastic. By doing so, volumetric and shear strains can be related to stresses independently. Sweere reported quite satisfactory predictions of both shear and volumetric strains using basically the same equations given by Boyce but keeping the relationship between shear and volumetric strains with stresses independent from each other. Instead of three material parameters, as in the Boyce model, the modified model would then contain four or five independent parameters. The method of decomposing the stress-strain response into volumetric and shear components was also used by Brown and Pappin (1985) in developing the so-called contour model. This model is a nonlinear relationship that is capable of taking into account effective mean and deviatoric stresses and stress path dependence. The resilient volumetric and shear strains may be expressed as contours in p-q stress space, and the magnitudes of strains are derived as the change in contour values from the initial to the final stress state. Based on the contour model, the volumetric strain depends only on the maximum values of stresses, whereas the shear strain depends not only on maximum stresses but also on the length of the stress path. The contour model, which is best illustrated by a series of strain curves in Fig. 4 , is expressed as
Even though the contour model, to some extent, resembles the Boyce model, there are major differences between the two.
One of the main differences is that the contour model predicts the shear strain by taking into account the length of the stress path corresponding to the load cycle. Moreover, the material parameters in the two parts of the contour model are independent from each other, leading to better agreement predicted and measured values of strain due to advantageous curve-fitting. Independent material parameters also mean that the contour model, unlike the Boyce model, is inelastic. A similar curve-fitting approach, as in the contour model, was used by Mayhew (1983) , who plotted volumetric and shear strains in the p-q stress space to model the results of repeated load triaxial tests on granular materials. Mayhew, however, showed that stress path length, which is included in the contour model, had no significant impact on the shear strain response. By removing the stress path dependence, the equations of the contour model turn into the inelastic modified version of the Boyce model suggested by Sweere (1990) . The mathematical expression of the Mayhew model, rewritten by Brown and Selig (1991) , is given by Thom (1988) developed the following nonlinear elastic model for prediction of the results of triaxial and hollow cylinder tests, by separating the volumetric and shear strain components in the same manner as in the Boyce and contour models:
Thom, however, included the major and minor principal stress components as well as the 2D stress invariants and S in the equations. This approach has not found much application, although it may be of value for material undergoing stress rotation as explained by Thom. Karasahin (1993) attempted to verify this model but found it difficult to obtain the material parameters by nonlinear regression analysis. Elhannani (1991) , as reported by Karasahin (1993) , introduced anistropy into the original Boyce model, using the following expression:
Karasahin compared different models and reported better correlation between observed values and values predicted by the Elhannani model. The anisotropic response of granular materials was also taken into account in a recent study conducted by Hornych et al. (1998) . The results of repeated load triaxial tests were first fitted into the Boyce model, but the correlation found was quite poor, apparently because of the cross-anisotropic behavior of granular materials. The original Boyce model was then modified by incorporating a coefficient of anisotropy, which resulted in much better agreement between measured and predicted values. The mathematical expressions of the cross-anisotropic model are as follows: (18) was shown to be superior in predicting both resilient volumetric and shear strains during repeated load triaxial tests with variable confining pressure. The superiority of this model was shown to remain even when the parameters were determined by triaxial tests with constant confining pressure.
In another recent study, Hoff et al. (1999) introduced a new model based on the concept of hyperelasticity, taking into account the effect of resilient dilatancy in inbound granular materials. The hyperelastic model was said to give a more realistic distribution of stresses in pavement granular layers than that obtained using a linear elastic model.
CONCLUSIONS
Based on the literature review presented in this paper, the following main conclusions can be drawn.
1. Unbound granular materials show a complex elastoplastic behavior when subjected to repeated loadings such as those generated by moving traffic. Many researchers have studied the behavior of these materials at macroscopic level, but understanding the true nature of their response at a microscopic, particulate level is a great challenge yet to be overcome.
2. As discussed in this paper and a companion paper (Lekarp et al. 2000) , there are many parameters that influence the behavior of granular materials under repeated loading. The literature reveals that although researchers seem to agree on the influence of some of these parameters, often completely opposite conclusions are drawn regarding the impact of others. The structural response of granular materials is normally studied in a laboratory, often using repeated load triaxial testing. The quality and constraints of the facilities and the testing procedures vary, sometimes greatly, between different laboratories (Dawson et al. 1994 ). The influence of such differences on the test results remains to be investigated.
3. According to the literature available, the resilient behavior of granular materials, defined by resilient modulus and Poisson's ratio, is affected by factors such as stress level, density, grading, fines content, maximum grain size, aggregate type, particle shape, moisture content, stress history and number of load applications. Researchers seem to agree that the resilient response is influenced most by the level of applied stresses and the amount of moisture present in the material. Resilient modulus increases greatly with confining pressure and sum of principal stresses, and slightly with deviator stress. Resilient Poisson's ratio, on the other hand, normally increases directly with deviator stress and inversely with confining pressure. An increasing moisture content, particularly at high degrees of saturation, has been shown to result in a marked reduction of resilient modulus as well as Poisson's ratio. The influence of the other factors on resilient response of granular materials is rather unclear. The literature reveals that researchers do not always agree on the nature of the impact of these factors and different, or even completely opposite, conclusions are often drawn.
4. Two different approaches are employed for computational modeling of the resilient behavior of granular materials. In the first approach, the stress-strain relationship is characterized by a stress-dependent resilient modulus and a constant or stress-dependent Poisson's ratio. This modeling approach is widely used, and over the years several mathematical formulations have been suggested using different stress components. Most of these models have, more or less, a curve-fit origin. In the second approach, the stress-strain relationship is characterized by decomposing both stresses and strains into volumetric and shear components. Instead of the resilient modulus and Poisson's ratio, the resilient response of the material is then defined by bulk and shear moduli. According to some studies, the application of the shear-volumetric approach in dealing with nonlinear response of granular materials is advantageous from a theoretical point of view. Moreover, it has a more realistic physical meaning in a 3D stress regime than the resilient modulus and Poisson's ratio. However, the models of this kind are usually more complex in nature and the parametric values are more difficult to determine from collected test data.
5. Modeling is an important requirement in dealing with material performance. As described in this paper, many researchers have outlined different procedures for predicting the resilient response in granular materials. However, the great number of models available is per se further evidence of the complexities that overshadow this research area. Even though researchers present mathematical formulations that fit their particular data, greater effort is clearly needed in developing more general models and procedures that have a sound theoretical basis and general, useful, applicability.
